The large-river ecosystems that are the subject of restoration efforts also typically are heavily invaded by alien species. We use our experience on the Hudson River estuary, New York (USA), to illustrate some important interactions that link alien species and river restoration. Most obviously, restoration may be aimed at controlling populations of undesirable alien species. Alien species like common reed (Phragmites communis), water-chestnut (Trapa natans), and purple loosestrife (Lythrum salicaria) have been the targets of eradication programs in the Hudson. Such eradication efforts sometimes are poorly motivated, have non-target effects, have had mixed success in controlling the target species, or are entirely infeasible. Second, the presence of alien species may complicate restoration programs designed to address other goals. The presence of alien species may limit the range of available options, make the results of restoration activities more difficult to predict, and make it difficult to define or reach reference conditions. Finally, restoration programs may bring in or favor alien species. For example, materials used in restoration projects may be contaminated with the propagules of alien species. Consequently, restoration projects in large rivers often are intertwined with alien species in one way or another.
Introduction
Like many large rivers in the developed world, the Hudson River has been deeply affected by human activities such as toxic pollution (Bopp & Chillrud 2005) , destruction of shallow-water habitats (Jackson et al. 2005) , hydrologic alterations, land-use change in the watershed (Swaney et al. 1996) , and overharvesting of valuable species (Waldman & Wirgin 1998) . Consequently, the Hudson is the subject of planned and ongoing restoration efforts in attempts to reverse or reduce the undesirable effects of past human activities. Also like many large rivers, the Hudson has been heavily invaded by alien species (Mills et al. 1996; Strayer eschweizerbartxxx 2005) . Here, we describe how these two issues ± alien species and river restoration ± interact with one another, using the Hudson River as a case study. Although our focus is on the Hudson River, we believe that the interactions we describe between alien species and restoration affect many ecosystems around the world, including most large-river ecosystems.
Large rivers as foci of species invasions
The main vectors that carry alien species between aquatic ecosystems are (1) ballast (both solid ballast and ballast water), (2) canals, (3) fouled ship hulls, (4) deliberate introductions of``desirableº species, (5) deliberate releases of organisms not intended to form sustaining populations (e.g., release of unwanted pets or bait), and (6) inadvertent releases of organisms (e.g., escapes from aquiculture or agriculture, contaminants of deliberate releases) (Mills et al. 1996 (Mills et al. , 1997 . Large rivers are heavily invaded by alien species because they are subject to high rates of input from most of these vectors. Because large rivers often are used for navigation, vectors 1±3 typically carry many alien species into large rivers. Vectors 4±6 are associated with general human use, and because large rivers often serve as foci for human habitation, these vectors probably also carry many alien species into large rivers. In addition, habitats in large rivers often are disturbed by activities like dredging and filling, which may favor the establishment of alien species (e.g., Mack et al. 2000) .
Ecologically and economically important invaders have appeared in large rivers around the world (e.g., Darrigran & De Grago 2000; Jang et al. 2002; Feyrer & Healey 2003; Kharat et al. 2003; Minckley et al. 2003 ), but only a few comprehensive inventories of the extent of species invasions in large rivers have appeared (e.g., Mills et al. 1996; Lavoie et al. 2003) . The fresh waters of the Hudson basin contain > 100 species of alien fish, vascular plants, and large invertebrates, many of them in large-river habitats (Mills et al. 1996 (Mills et al. , 1997 . Large rivers in developed regions probably usually contain dozens to hundreds of alien species, perhaps 10±20 % of which are ecologically important (Mills et al. 1996 ; Table 1 ).
The widespread importance of alien species has several consequences for largeriver restoration. In brief, restoration programs may aim to control alien species, they may be complicated by the occurrence of alien species, and they may promote the arrival and spread of alien species (Fig. 1) .
Restoration programs may aim to control or eradicate alien species
Restoration programs often aim to control or eradicate alien species that have undesirable effects (Table 1) . Nevertheless, such restoration efforts may be hard eschweizerbartxxx to justify to the public, be difficult and costly, have undesirable impacts, and ultimately be futile. We illustrate these points with brief histories of some alien species in the Hudson.
Water-chestnut (Trapa natans)
Water-chestnut was deliberately introduced into the Hudson basin as an ornamental plant in 1884 (Kiviat 1993) . It is now widely distributed in shallow, quiet waters in lakes and large rivers in the basin, forming dense (> 1 kg dry matter/m 2 ) monospecific stands that may cover > 100 ha. Water-chestnut beds are so dense that boats, swimmers, and anglers cannot penetrate them, greatly diminishing the recreational value of shallow-water habitats. In addition, because water-chestnut has floating leaves that release photosynthetic oxygen into the air while shading out and preventing photosynthesis in the underlying water, dissolved oxygen concentrations can fall to zero in large, dense beds (Caraco & Cole 2002) . Waterchestnut supports a distinctive invertebrate community, including species that are rare or absent in the native plants that water-chestnut presumably displaced (Fig. 2) . It may support different fish and wildlife than native plants, but this has not been well documented (Strayer 2005) . Finally, water-chestnut beds remove much of the inorganic nitrogen from water that passes through them (Fig. 2) .
Largely because of recreational problems, New York State mounted an aggressive effort to eradicate water-chestnut in the Hudson and Mohawk Rivers in 1961± 1976. The herbicide 2,4-D (dichlorophenoxyacetic acid) was sprayed at a rate of 19 l (3.6 kg acid equivalent)/ha by air boat in dense stands and by hand in less dense stands. At low densities, Trapa was pulled by hand. Die-off varied from 80± 100 %. Although Trapa coverage was reduced by 60 % in the Hudson and Mohawk There has been interest in biological control, but no promising biological control agents have been found (Pemberton 1999) . Despite strong support for control and a long history of control efforts, waterchestnut has not been eradicated from the Hudson; in fact, it appears that it is as abundant as it ever has been. Herbicides and harvesting provided control for the limited times and places where they were used. Non-target impacts of herbicide treatments and mechanical harvesting were not studied, but presumably were large. Further, as the roles of water-chestnut are better studied, it appears that the species may play important (even positive?) roles in the ecosystem, e.g., removing nutrients and providing invertebrate habitat.
Zebra mussel (Dreissena polymorpha) Zebra mussels were introduced into the Great Lakes in European ballast water and spread rapidly through eastern North America, appearing in the Hudson in 1991. They have been abundant in the Hudson since autumn 1992, and constitute more than half of the heterotrophic biomass in the freshwater tidal Hudson (Strayer 2005) . Consequently, the entire character of the Hudson's ecosystem changed Fig. 3 . Summary of some of the ecological changes associated with the zebra mussel invasion of the Hudson River. Summarized from Caraco et al. (1997 Caraco et al. ( , 2000 , Strayer & Smith (1996 , 2001 , Pace et al. (1998), and Strayer et al. (2004) . eschweizerbartxxx (Fig. 3) . Many ecological changes that occurred (e.g., dwindling of the planktonic food web, decline in dissolved oxygen, decline of fish and native bivalves, increase in dissolved phosphorus) could be considered undesirable. In addition, zebra mussels foul boat hulls, water intake pipes, and other underwater structures in the Hudson.
Zebra mussels are controlled in industrial and municipal water intakes on the Hudson River estuary through chemical treatment (chlorine, potassium permanganate, and polyquaternary ammonium compounds) and mechanical cleaning, at a cost of perhaps $ 100,000±1,000,000/year. Despite their widespread and severe ecological effects, control of zebra mussels in the open waters of the Hudson has not been seriously contemplated, because of the absence of any feasible control measures at this scale.
Common reed (Phragmites australis)
Although common reed is native to North America, highly invasive alien genotypes have spread over much of the continent (Saltonstall 2002) . These alien genotypes often form dense, monospecific stands. On the Hudson, invasive genotypes of common reed probably appeared in the late 19 th or early 20 th century, displaced large areas of native vegetation (chiefly cattail, Typha angustifolia), especially in mesohaline areas, and continue to spread (Winogrond & Kiviat 1997) . Largely because of concern about negative impacts on native plants and wildlife, many wetlands managers have tried to eradicate or control common reed in freshwater wetlands using herbicides, fire, or mowing. Such control measures need to be repeated periodically if more than temporary control is desired (e.g., Ailstock et al. 2001; Warren et al. 2001) . However, recent studies show that stands of common reed support animal communities, productivity, and nutrient cycling (although not plant diversity ± Ailstock et al. 2001) as good or better than native freshwater plants and question the need for aggressive control programs (e.g., Warren et al. 2001; Hanson et al. 2002; Findlay et al. 2003; Weinstein et al. 2003) .
In the case of common reed, we have an example of an aggressive alien that is still spreading along the Hudson and in many other habitats and has some undoubted troubling effects (displacement of native vegetation). Control of common reed is possible, but requires sustained effort (although research on biological control is proceeding ± Tewksbury et al. 2002) . Further, the overall ecological value of common reed in American wetlands has become less rather than more clear as more research has been done, so the species looks less like a pure pest than it did 20 years ago. A similar controversy has arisen about the need for control of purple loosestrife, another alien wetland plant in North America, again after aggressive control programs already began (Anderson 1995; Hager & McCoy 1998; Blossey et al. 2001; Farnsworth & Ellis 2001) .
Interactions between alien species and restoration 139 eschweizerbartxxx Thus, while alien species have had enormous impacts on the Hudson, it is difficult to classify those effects as unambiguously negative. Activities designed to control or eliminate these aliens may have negative as well as positive effects, resulting in scientific and public controversy about the desirability of control. Restoration programs to control aliens often require costly, sustained efforts (water-chestnut, common reed) or are infeasible (zebra mussel). Further, although non-target effects of restoration programs have not been well studied in the Hudson, these programs may have unintended negative effects (e.g., nutrient leakage from control of common reed ± Findlay et al. 2003 ). These problems are by no means restricted to the Hudson, but will occur wherever an alien species is abundant, widespread, and has strong ecological or economic effects.
Restoration programs may be complicated by alien species
Even where alien species are not the target of restoration activities, their presence can complicate restoration programs, especially in the many cases in which the alien population cannot be controlled. First, the presence of alien species can limit the range of feasible restoration options. For example, one of the biggest human impacts on the Hudson River was the widespread elimination of shallow-water habitats, with their many valuable ecological functions (Ladd, in Jackson et al. 2005) . A reasonable goal for restoration might be to restore shallow-water areas to the Hudson, but it is likely that many such habitats would be monopolized by water-chestnut rather than the native vegetation that originally occupied these habitats. Such recreated shallow-water habitats would have neither the ecological functions nor support the same species as the original habitats they are intended to replace. Likewise, the zebra mussel's major impact is on the planktonic food web that supports open-water fish; this limits management options to maintain a sustainable fishery of American shad (Alosa sapidissima) (Strayer et al. 2004) .
Second, alien species can make the response of the system to restoration unpredictable. If the alien species arrived recently, managers may simply not have enough experience with the newly altered system to predict its response to restoration or other management activities (Strayer et al. 2004) . Further, arrival of additional alien species in the future can make future states of the ecosystem impossible to predict. This latter problem is important because current establishment rates of alien species are so high (0.1±1 species/year) in many aquatic ecosystems in developed regions (Mills et al. 1993 (Mills et al. , 1996 Cohen & Carlton 1998; Ruiz et al. 1999 ) that it is almost certain that new alien species will strongly affect system function in the coming decades.
Finally, aliens can make the reference conditions of the ecosystem difficult to define or reach. Many alien species arrived before detailed scientific studies of the ecosystem were done, so it is difficult even to describe the``referenceº ecosystem.
For instance 86 of the 113 alien species known from the fresh waters of the Hudson basin were established prior to 1960 (Mills et al. 1997) , well before most scientific studies of the river began. Alternatively, alien species may be so deeply embedded that there is little prospect for removing them. It is difficult to imagine how zebra mussels could be removed from the Hudson, or how the Hudson could be restored to anything resembling its pre-1992 state without effective control of zebra mussels.
Restoration programs may introduce or favor alien species
Restoration programs may encourage the development of alien species in three ways, possibly creating future problems for the management of large rivers. First, managers may deliberately bring in alien species to aid in ecological restoration. The invasive species literature is filled with examples of species (the terrestrial plants crown vetch, multiflora rose, and kudzu in North America, for example) that were introduced to aid in ecological restoration, but which led to subsequent ecological problems. An example in large rivers is the grass carp (Ctenopharyngodon idella), which was brought to North America to control aquatic macrophytes and is now established in large rivers in central North America.
Second, alien species may be inadvertently introduced with desirable plants or animals as part of restoration programs. The best-known example in aquatic ecosystems probably is the unintended transport of alien species on shells and living animals used in oyster restoration (Carlton 1992; Ruiz et al. 2000; Wolff & Reise 2002) , but there are many other situations in which aliens may arrive as contaminants in shipments of plants, fish, or soils used in restoration projects.
Finally, restoration activities may create habitats that favor alien species. For instance, creation of sheltered, shallow-water habitats in the Hudson is likely to favor water-chestnut. More generally, because disturbance is thought to favor alien species (e.g., Mack et al. 2000) , restoration activities may allow the establishment or spread of a wide range of alien species.
Conclusions
Our long-term ability to maintain and restore large-river ecosystems is linked in several ways to alien species. Because alien species often cause ecological and economic problems, they may be targets of restoration programs. However, alien species are difficult to control or eradicate, particularly in large rivers, which are open systems connected not only to upstream lakes and rivers but also to other waterways through human commerce. Biological controls have been effective with some aquatic plants, but are not available for many pest species, and have their own risks (e.g., Strong & Pemberton 2000; Pearson & Callaway 2003) .
Interactions between alien species and restoration 141 eschweizerbartxxx Because control or eradication of existing aliens in large rivers often is infeasible, restoration programs may simply have to work around these species.
Because undesirable alien species can complicate or even undo efforts to restore and manage large rivers, it is important for restoration programs in large rivers to explicitly consider alien species. Restoration programs should be planned to minimize the potential for problems with undesirable aliens. Careless restoration programs may also worsen alien species problems by bringing in new aliens, either deliberately or inadvertently, or by creating habitat that favors alien species. Restoration of large rivers should be coordinated with international efforts to reduce the arrival and establishment of alien species, which will ultimately reduce future problems associated with alien species.
